The development of a metal-free carbon based electrocatalyst for the oxygen reduction reaction (ORR) is an essential issue for energy conversion systems. Herein, we suggest a tune-up solution plasma (SP) synthesis based on a simple one-step and cost-effective method to fabricate nitrogen self-doped graphitic carbon nanosheets (NGS) as an electrocatalyst. This novel strategy using a low-pass filter circuit provides plasma stability and energy control during discharge in pyridine, determining the graphitic structure of nanocarbons doped with nitrogen. Notably, NGS have a relatively high surface area (621 m 2 g À1 ), and high contents of nitrogen bonded as pyridinic-N and pyrrolic-N of 55.5 and 21.3%, respectively.
Introduction
Efficient electrocatalysts for the oxygen reduction reaction (ORR) have attracted widespread attention for achieving optimal performance for application in energy storage and conversion devices, such as fuel cells (FC) and metal-air batteries (MABs). [1] [2] [3] [4] However, catalysts on the cathode suffer from several critical obstacles, and the possible commercialization of FC and MABs is difficult due to their inherently sluggish kinetics and high overpotential in the ORR. Currently, platinum (Pt) and platinum supported on carbon materials (Pt/ C) are regarded as the best solutions to these problems because of a four-electron reduction pathway in the ORR process, but their prohibitive cost, low reserves, and poor methanol tolerance have interrupted the development of their large-scale commercialization. 1, [5] [6] [7] In this regard, ongoing research efforts have been devoted to searching to replace Pt with a Pt-free catalyst with highly efficient performance, selectivity, and durability, such as a non-precious metal supported on nanocarbons, 3, 8, 9 or metal-free heterogeneous nanocarbons. 3, 7, 10, 11 Among these, metal-free heterogeneous nanocarbons have been regarded as one of the most prominent alternatives for an ORR electrocatalyst when heteroatoms (e.g. N, B, P, S, and I) are incorporated into the carbonaceous skeleton. [12] [13] [14] [15] [16] [17] [18] [19] [20] In particular, N-functionalized nanocarbons represent the most investigated catalyst for efficient ORR activity, because of their comparable catalytic efficiency, low cost, and stability in an alkaline medium. 7, 11 In detail, N-functionalized nanocarbons can play a crucial role in the ORR by imparting higher positive charge density to neighboring carbon atoms and facilitating the dissociation of the O-O bond on the neighboring C atoms. 7, 12, 15, [21] [22] [23] [24] [25] [26] [27] A two-dimensional (2D) carbon nanosheet, which is a sheet with few to multi-layers, exhibits intrinsic characteristics such as a large surface area, excellent electrical conductivity, and high mechanical/chemical stability. 28, 29 Moreover, a number of catalytic sites with an efficient pathway for the ORR can be created by the planar structure of a 2D carbon nanosheet. In particular, carbon nanosheets containing heteroatoms, especially nitrogen, have been demonstrated using practical experiments and theoretical calculations to effectively improve the ORR activity in an alkaline electrolyte. 12, 15, 22, 25, [30] [31] [32] [33] [34] However, the synthesis procedure and conditions are relatively complicated and strict, resulting in a high fabrication cost.
Solution Plasma (SP), a non-equilibrium discharge in liquids at atmospheric pressure and room temperature, has emerged as a useful synthetic method for various nanomaterials such as nanoparticles, [35] [36] [37] nanocarbons, 38 heterogeneous nanocarbons, [39] [40] [41] and transition metal-carbon composites. 40 Among these nanomaterials, the most interesting achievement is the formation of heterogeneous nanocarbons. The SP synthesis approach has not only provided new insight into the fabrication and design of nanocarbons but has also been further extended to a series with heteroatom doping simply by selecting organic precursors containing the desired heteroatoms. 41 However, the conventional SP synthesis is still at an early stage in the eld of carbon fabrication and, in particular, it is difficult to control the morphology, structure, and bonding conguration between carbon and the doped heteroatoms. To overcome these limitations, we have developed a tune-up SP system which is composed of a low-pass lter circuit to improve the discharge stability by controlling the current oscillations (Fig. S1 †) . 42 Herein, we propose a new synthetic approach for nitrogen self-doped nanocarbons by the tune-up SP system. Notably, our synthesis strategy has the advantage of producing milligrams of material within ten minutes without any pre or post treatment, and it is a one-step process, unlike other processes. 1, 7, 16, 25 Nitrogen doped graphitic carbon nanosheets (NGS) were synthesized by this new tune-up SP approach and nitrogen doped amorphous carbon nanoparticles (NAP) were synthesized by conventional SP. As-prepared NGS exhibit a graphitic structure with a high surface area and mesoporous structure, as well as an ORR activity that is comparable with that of commercial Pt/C in alkaline media, and show excellent stability.
Experimental section

Materials
A tungsten electrode (F 0.8 mm, 99.9% purity) was obtained from Nilaco Corporation. Pyridine (C 5 H 6 N, $99.5% purity), ethanol (C 2 H 5 OH, $99.5% purity) and 0.1 M potassium hydroxide aqueous solution (0.1 M KOH, $99.5% purity) were purchased from Kanto Chemical Co., Inc. Naon® DE 521 solution (5 wt% in a mixture of lower aliphatic alcohols and water), and 20 wt% Pt on Vulcan XC-72 (20% Pt/C) were purchased from Sigma-Aldrich. Ultrapure water (18.2 MU cm À1 at 25 C) was provided by an Advantec RFD 250NB system. All chemicals were of analytical grade and used without further purication.
Synthesis of NGS and NAP
To generate the plasma in pyridine for the synthesis of NGS, a tune-up SP system was set up, as shown in Fig. 1 . The nanocarbons synthesized using the conventional SP system were denoted as NAP. Two tungsten electrodes shielded with an insulating ceramic tube were xed at the center of a Teon® reactor with a gap distance of 1.0 mm. The plasma was generated between these electrodes using a bipolar pulsed power supply (MPS-R06K01C-WP1-6CH, Kurita) used in two cases with or without a low-pass lter circuit made in our laboratory. The low-pass lter circuit consists of a parallel capacitor of 2 nF, a variable resistor series from 50 to 150 U, and a variable inductor set at 100 mH to adjust the plasma stability. Using the tune-up SP system, the stability of the plasma was considerably improved by eliminating the energy uctuations which determine the structure of the synthesized nanocarbons. Fig. S1 † shows a characterization of the plasma by its electrical energy according to a current-voltage (I-V) curve. The optimum pulse duration and pulse repetition frequency were 0.5 ms and 30 kHz, respectively. The discharge was generated in a volume of 200 mL of pyridine under stirring. Aer discharging for 30 min, the obtained black powdered material was separated from the unreactive pyridine using a membrane lter paper (0.1 mm, PTFE) and a suction pump, and it was washed several times with ethanol until the remaining solvent aer washing was colorless. The acquired nanocarbon material was dried at 60 C in an oven for 12 h.
Characterization
Transmission Electron Microscopy, Selected Area Electron Diffraction, and Electron Dispersive Spectroscopy (TEM, SAED, and EDS, JEOL JEM-2500SE at 200 kV) observations were conducted for the study the microstructure, shape and size, and the elemental composition of the synthesized nanocarbon material. An image obtained from Nanoscope IIIa Multimode Atomic Force Microscopy (AFM, Veeco) was used to measure the thickness of an NGS sample prepared by dropping the dispersed nanocarbon material in ethanol on an Si/SiO 2 substrate. The Xray diffraction (XRD) patterns of all samples were performed using Cu Ka (0.154 nm) X-rays source in the range from 15 to 60 with 0.02 step and 2 min À1 scan speed. Raman spectra were recorded with a Raman spectrometer (JASCO NRS-100) equipped with a laser with a wavelength of 532.5 nm. Nitrogen adsorption-desorption isotherms were measured on a Belsorp-mini II sorption analyzer (MicrotracBEL Corp.) to investigate the specic surface area, pore volume, and pore size distribution of all samples. The specic surface area was measured by the Brunauer-Emmett-Teller (BET) method at a relative pressure between 0.05 and 0.30 and liquid nitrogen temperature. The pore volume and pore size distribution were determined by the Barrett-Joyner-Halenda (BJH) method. The Fig. 1 Schematic setup of the tune-up SP system with a low-pass filter circuit for NGS synthesis. The tune-up SP system consists of a lowpass filter circuit with a parallel capacitor of 2 nF, a variable resistor series from 50 to 150 U, and a variable inductor set at 100 mH to adjust the plasma stability. Details of measurements are included in the ESI. † chemical bond structures were examined by X-ray photoelectron spectroscopy (XPS, Ulvac-PHI 5000 versaprobe II) using Al Ka radiation (1486.6 eV) as an X-ray source. The emission current and the anode voltage of the source were set at 0.1 mA and 15 kV, respectively. The binding energy (BE) was calibrated using the containment carbon (C 1s ¼ 284.5 eV). Each binding energy was referenced from the NIST XPS Database. 43 The elemental analysis (EA) of C, H, and N was performed using an elemental analyzer (PerkinElmer 2400 Series). The electrical conductivity was measured with a device based on a four probe method with a resistivity meter (2001 multimeter, TFT Corp., Keithley Instruments) and DC constant power supply (model 692A, Metronix Corp.). The samples were inserted into a Teon cylinder with 0.5 cm diameter. The prepared samples were compressed at 0.6 MPa between two brass electrodes.
Electrochemical characterization
The electrochemical measurements were carried out on an HZ-5000 electrochemical analyzer (Hokudo Denko Inc.) equipped with a rotating disk electrode (RDE). A Pt wire and an Ag/AgCl electrode lled with saturated KCl solution were used as the counter and reference electrodes, respectively. All the samples for the electrochemical measurements were coated onto a glassy carbon (GC) electrode with 3 mm diameter and prepared as follows: 50 mL of Naon solution was added to 0.5 mL of ethanol, and then 5 mg of nely ground catalyst was dispersed in the as-prepared solution by at least 30 min sonication to form a homogeneous suspension. Then a volume of 5 mL from the suspension was loaded onto the GC electrode and dried at room temperature. Before measurements, N 2 or O 2 gasses were purged into 0.1 M KOH electrolyte for at least 1 hour. Cyclic voltammetry (CV) was conducted at a scan rate of 50 mV s À1 from À1.0 to 0.3 V (vs. Ag/AgCl). Linear sweep voltammetry (LSV) was performed with a scan rate of 10 mV s À1 from À1.0 to 0.3 V (vs. Ag/AgCl). The rotation speed was varied from 100 to 3600 rpm. Commercial 20% Pt/C was selected as the performance benchmark. The electrochemical stability was measured by the chronoamperometric response in 0.1 M KOH saturated with oxygen for 10 000 s at À0.4 V. All the polarization curves were corrected for background currents, which were determined in the N 2 -saturated electrolyte.
Results
The morphological structures of NGS and NAP were investigated by TEM. As shown in Fig. 2(a) , NGS show typical sheet-like morphology. The corresponding SAED pattern shown in the inset in Fig. 2 (a) reveals well-dened diffraction spots which mean that the NGS are crystallized. The HR-TEM image further indicates that the NGS are composed of multi-layer graphitic nanosheets, as shown in Fig. 2(b) . Well-contoured edges originating from the graphitic layer clearly appear with a d space of the 002 crystal plane of approximately 0.350 nm, which is close to that of single-crystal graphite with d ¼ 0.335 nm.
44,45
The phase identication of the samples was performed by XRD, as shown in Fig. 3 . The NGS present two prominent peaks, near 2q z 25. 4 and 42.9 which indicate 002 and 100/101 diffraction planes of graphite, respectively. Using Bragg's law, the interlayer distance of NGS was calculated to be approximately 0.351 nm from the 002 diffraction peak, which is slightly larger than that of single-crystal graphite 0.335 nm. This result also agrees with the TEM results. The AFM image (Fig. S2 †) demonstrates that the thickness of most NGS samples is 2.97 AE 0.94 nm, corresponding to 10 layers according to the theoretical thickness of single-layer graphene (0.34 nm). The EDS mapping images of NGS correspond to the elemental composition ( Fig. 1(c) ). Carbon and nitrogen atoms are distributed throughout the carbon frame, indicating the homogenous incorporation of nitrogen into the graphitic carbon nanosheets. Water impurities in pyridine and slight oxidation while drying the samples might explain the presence of oxygen in the composition of the synthesized materials. In contrast, NAP samples reveal the formation of aggregates of small carbon particles with a diameter of approximately 10- 30 nm, as shown in Fig. S3(a) . † The corresponding SAED pattern (the inset of Fig. S3 (a) †) presents a bright center and diffuse ring pattern without any diffraction spots, conrming its amorphous nature.
46,47 The two major peaks in the XRD pattern are also broad, which means amorphous and disordered carbon. From these results, we can conclude that NAP synthesized by conventional SP is an amorphous form of carbon nanoparticles in accordance with many other works.
38-40
Raman spectroscopy has been used to conduct further structural investigation. Raman spectra of both NGS and NAP show two bands, at approximately $1595 cm À1 for the G band is the laser wavelength in nanometer units. 51 The I G /I D of NGS is 1.05 which is much higher than the value for NAP (0.55), so that the crystallite size of NGS (95.9 nm) is bigger than that of NAP (50.6 nm), implying that the carbon nanosheets have long-range order and a high degree of graphitization. This result correlates with the SAED above and HR-TEM data that show that NGS have a graphitic structure while NAP contain an amorphous carbon structure. In the Raman spectrum of NGS, the intensity of the D band is still high compared with a few layers of graphene, which means that NGS have more defect sites which can inuence the electrocatalytic activity for ORR because of the enhanced charge density on carbon atoms.
Moreover, the ratio of W D and I D /(I D + I G ) was correlated to the better-ordered parameter for the disordered carbon materials. The ratios of I D /(I D + I G ) for NGS and NAP were about 49.9 and 48.3, respectively. These values indicate that the graphitization of NGS and NAP were almost the same, and were less than for activated carbons and more than for conventional graphite. The values of W D for NGS and NGA were 64 cm À1 and 127 cm À1 . The values of W D for NGS and NGA were closer to those of conventional graphite and activated carbons. Thus, the structure of NGS has become microcrystalline compared to that of conventional graphite and was similar to that of microcrystalline graphite. The structure of NGA was more disordered and had lower graphitization than activated carbons.
52
Specic surface area (SSA) and porosity, which are necessary for understanding ORR activity, were investigated by N 2 sorption analysis. The BET surface area of NAP was measured to be 48 m 2 g À1 . The BET surface area of NGS synthesized using the tune-up SP system was greatly increased and reached as high as 621 m 2 g À1 , as shown in Fig. 5 . All samples exhibit a type IV adsorption/desorption isotherm with a hysteresis loop at relative pressures ranging from 0.4 to 0.9, suggesting the characteristic of a mesoporous structure. 53, 54 The corresponding pore size distributions of all samples derived by the BJH method indicate a broad distribution on the meso-macro length scale (the inset of Fig. 5 ).
Although the active sites for ORR on nitrogen-doped carbon materials are still an open question, there is no doubt that the nitrogen containing functional groups facilitate the electron transfer to enhance ORR kinetics in a carbon matrix.
12-15,22,27
XPS measurements were used to demonstrate that the ORR activity is dependent on the bonding conguration of nitrogen in the nanocarbon structure. The incorporation of nitrogen atoms in the carbon structure was conrmed by XPS and EA measurements. The survey XPS spectra of the NGS and NAP clearly show a peak at 400.0 eV for N 1s in addition to the dominant graphitic C 1s peak at 284.5 eV, which indicates the presence of nitrogen in the carbon structure (Fig. S4 †) . Importantly, no peak of the tungsten electrode was found in the spectra. The atomic contents of C, O, and N for NGS and NAP derived from the XPS analysis are summarized in Table S2 . † The XPS data show that the nitrogen content of NGS (6.0 at%) was around twice as high as that of NAP (2.9 at%), which was almost the same as the results acquired from EA analysis (Table S3 †). High-resolution XPS measurements examined in more detail the chemical bonding conguration of the NGS and NAP on C 1s and N 1s peaks (Fig. 6(a)-(d) ). The high-resolution asymmetric peak in the C 1s region presented in Fig. 6(a) and (c) indicates the presence of different types of carbon bonding: C]C bond (284.5 eV), C-C bond (285.0 eV), C-N bond (285.9 eV), C-O bond (286.5 eV), and C]O bond (287.0 eV), [55] [56] [57] proving the graphitic carbon and the successful incorporation of nitrogen into the carbon structure. To clarify the effect of nitrogen incorporation, we analyzed the high-resolution N 1s peak, as shown in Fig. 6(b) and (d) . The XPS N 1s peak can be deconvoluted into four components corresponding to pyridinic-N (398.9 eV), pyrrolic-N (400.4 eV), graphitic-N (400.9 eV), and pyridinic N-oxide (403.2 eV). [58] [59] [60] The XPS results for NGS show higher relative contents of nitrogen bonded as pyridinic-N and pyrrolic-N at 55.5 and 21.3%, respectively, compared to NAP (47.2 and 8.5, respectively), as represented in Fig. 6(f) . Also, the calculated atomic percentages of types of nitrogen bonding in the prepared samples are given in Table S4 . † A signicant increase in pyridinic-N and pyrrolic-N bonds is clearly conrmed, while there was no considerable change in graphitic-N and pyridinic oxide-N bonds in the material synthesized by the tune-up SP system. Pyridinic-N refers to nitrogen atoms possibly attached at the edges of the graphite planes, where each N atom is bonded to two carbon atoms and donates one of the lone pair electrons to the aromatic p conjugation. The pyrrolic-N atom is incorporated into the ve-membered heterocyclic ring, which is bonded to two carbon atoms and contributes two p-electrons to the p system. The pyridinic-N and pyrrolic-N can be located at the graphite edge (Fig. S5 †) . 61, 62 According to many references, 61-63 the formation of the edge-N, which is composed of pyridinic-N and pyrrolic-N, can reduce the adsorption energy of O 2 . NGS possess a higher content of edge-N than NAP, implying that the ORR performance might be enhanced.
To verify the catalytic activity, the ORR of all the synthesized nanocarbons was measured by CV, as shown in Fig. 7(a) . All samples show a well-dened characteristic ORR peak in O 2 -saturated 0.1 M KOH solution. The peak potential of the ORR of the NGS sample at À0.25 V vs. Ag/AgCl reference electrode signicantly shis to a positive value in comparison with the NAP sample with its peak potential at À0.52 V vs. Ag/AgCl. Also, the NGS catalyst presents a higher cathodic current density than NAP, suggesting a considerably enhanced ORR activity due to the increased electrical conductivity. The electrical conductivity results are shown in Table S5 . † Linear sweep voltammetry (LSV) measurements on the rotating disk electrode (RDE) were further performed to verify the electrocatalytic kinetics toward ORR. For comparison, a commercial 20 wt% Pt/C as reference catalyst was measured with the same mass loading on a GC electrode as the samples. Fig. 7 (b) exhibits LSV curves obtained from a rotation rate of 1600 rpm, which obviously exhibit the differences in the ORR activity. A more positive onset potential (E onset ¼ À0.18 V), half-wave potential (E 1/2 ¼ À0.28 V) and higher limiting current density (LCD ¼ 2.7 mA cm
À2
) are revealed for NGS than for NAP (E onset ¼ À0.21 V, E 1/2 ¼ 0.24 V and LCD ¼ 1.8 mA cm À2 ).
Although NGS are inefficient compared with commercial Pt/C for which E onset ¼ À0.03 V, E 1/2 ¼ À0.14 V, and LCD ¼ 3.8 mA cm À2 , they still show a possible use as a metal-free catalyst in ORR. To further understand the ORR mechanism of this catalyst, ORR polarization curves of NAP and NGS at various rotations from 100 to 3600 rpm were carried out (Fig. S6 †) . The Koutechy-Levich (K-L, see ESI †) formula was employed to calculate the average electron number (n a ) in the reduction reaction, deduced from the fact that the ORR current density is a function of the electrode rotation rate. 64 According to the slope of the K-L plots (inset Fig. S6 †) , the n a of NAP was found to be 2.9, which represents poor ORR activity, while the n a of NGS was calculated to be 3.8, which is close to the 4 electron transfer number on a Pt/C catalyst ( Fig. 7(c) ). The value of 3.8 may suggest that NGS were mainly dominated by a four electron reaction pathway similar to that of Pt/C. On the other hand, the n a ¼ 2.9 of NAP may proceed predominantly with a pathway of two-electron and four-electron reactions simultaneously. The higher current density and the four electron process indicate that NGS is a kind of highly efficient ORR catalyst. Also, the ORR activity of NGS is closer to the highest values in previous reports, shown in Table S6 , † from the number of electrons transferred, although these NGS can be synthesized compared to the other N-doped carbons. This high performance is due to the improved crystallinity of the carbon region, where electrons are transferred.
Consequently, based on the above characterization of the catalyst, the enhanced electrocatalytic performance of NGS can be attributed to the good electric conductivity, high surface area, porous structure, and a high content of edge-N species.
65,66
The better electric conductivity of NGS results from the sheetlike morphology and graphitic structure compared with NAP, consequently determining a higher current density during ORR and assuring a good electron transfer to and from the catalytic site. The relatively high surface area (621.48 m 2 g À1 ) and the mesoporous structure of the NGS catalyst mean a lot of active sites and have a direct inuence on ORR activity and the mass transfer of O 2 . The analysis of N active sites was carried out by representing the onset potential together with the N species concentration, as in Fig. S7 . † Importantly, the onset potential shis more positively according to the increase in the edge-N contents, implying an enhanced ORR activity. DFT calculation 32-34 and experimental results 7, 25, 67, 68 indicate that pyridinic-N and pyrrolic-N, which possess one lone pair of electrons in addition to one electron donated to the conjugated p bond, facilitate the high spin density and large atomic charge density on the adjacent carbon atoms on which O 2 adsorption is enhanced compared to graphitic-N and pyridinic N-oxide. In conclusion, the high content of edge-N of NGS determines good ORR activity.
The stability of the NAP, NGS, and Pt/C catalysts was acquired by the i-t chronoamperometric response in O 2 -saturated 0.1 M KOH solution. As shown in Fig. 7(d) , the current density of NGS decreases to 96% aer 10 000 s, which is higher than that of NAP (94%), due to the high content of pyridinic-N and pyrrolic N, as well as the graphitic carbon structure in the NGS (Fig. 6(f) ). 41 Although the electrocatalytic activity of NAP and NGS is not yet comparable to that of Pt/C, the ORR stability presents a better performance in alkaline media. The poor durability of Pt/C (78%) can be caused by migration, aggregation of Pt particles and dissolution, and detachment from the carbon support under the continuous potential.
1,5-7 These problems can be solved by metal-free carbon based materials with their covalent bonding of a catalytically active heteroatom in the carbon framework.
Discussion
To elucidate the differences in material characteristics between the NGS and NAP according to plasma stability during the synthesis, we performed plasma diagnostics using the OES method, as shown in Fig. 8(a) . The emission spectra present the degree of dissociation of pyridine in the two types of SP and the presence of the active species as radicals in the plasma. 69 From the emission intensities, only the relative radical number density can be discussed. The Swan bands of the C 2 molecule emission have much higher intensity in the case of plasma during the synthesis of NAP that of NGS, exhibiting a higher electron excitation energy of NAP (5000 K, 0.43 eV), as shown in Table S6 , † which produces a higher degree of dissociation of pyridine, as shown in Fig. 8(a) . The excitation temperature of C 2 molecules in plasma was calculated to be 5000 K, which means that the organic compound was highly decomposed, so that the amorphous carbon structure was synthesized by carbonization. On the other hand, the decomposition of C 2 molecules from the pyridine decreased when the SP system was tuned-up by the low-pass lter circuit. The C 2 molecules were mainly produced at the interface between the plasma and the liquid since a large gradient of temperature from the plasma to the interface was relatively lower than that without the tune-up condition (conventional SP), as shown in Fig. 8(b) and S8. † These C 2 molecules, which might exist as C 2 H 2 and C 2 H 4 , lead the reaction, and subsequently, C 2 molecules are mainly assembled at the interface, which can provide the graphitic structure.
70,71
N species can also be explained in the same way as above. The high dissociation of pyridine leads to nitrogen species as CN and N radicals in the conventional SP system. However, the formed nitrogen leaves the plasma as a gas, resulting in a low content of nitrogen in the NAP samples (Tables S2 and S3 †) . In contrast, the low degree of dissociation of nitrogen in the tuneup SP system favors the preservation of the pyridine structure rather than breaking the aromatic ring. This reaction might create not only more nitrogen content in the graphitic carbon structure by aromatic ring assembly, but also create active sites with edge-N, such as pyridinic-N and pyrrolic-N, which are useful in the ORR (Fig. 6 ).
Conclusion
In summary, we suggest a novel route to synthesize nitrogen doped graphitic carbon nanosheets (NGS), using a tune-up solution plasma system. The strongest potential of SP for the N-doped carbon synthesis is to control the higher concentration of nitrogen, although the SP process has advantages over conventional thermal processes. The proposed method gives several advantages over the assembly of nanocarbons: (a) a onestep process, (b) an ambient reaction environment, (c) a straightforward and easy setup, (d) cost-effective production, (e) possible large-scale synthesis quantities, and (f) eco-friendly fabrication. In particular, the tune-up SP synthesis provides stability during the discharge in liquid, inuencing the synthesized nanocarbon characteristics. The NGS material not only has a large surface area, high nitrogen content, and good electrical conductivity, but also has the appropriate active N species of a catalyst to enhance the ORR activity. In detail, the electrochemical measurements demonstrate that NGS show comparable catalytic activity and superior stability to Pt/C in alkaline medium, so that low-cost and large-scale nitrogen selfdoped nanocarbon is a promising candidate for the next generation of electrocatalyst in metal-air batteries.
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